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The integration of optomechanics and optoelectronics in a single device opens new possibilities for developing
information technology and exploring fundamental phenomena. Gallium arsenide is a well-known material
that can bridge the gap between the functionalities of optomechanical devices and optical gain media. Here,
we experimentally demonstrate a high-frequency GaAs optomechanical resonator with a ring-type bullseye
geometry that is unprecedented in this platform. We measured mechanical modes up to 3.4GHz with quality
factors of 4000 (at 77K) and reached optomechanical coupling rates up to 39kHz at telecom wavelengths.
The temperature dependence of mechanical losses was assessed and demonstrate the efficiency and anisotropy
resilience of the bullseye anchor loss suppression. Such characteristics are valuable for active optomechanics,
coherent microwave-to-optics conversion via piezo-mechanics and other implementations of high-frequency
oscillators in III-V materials.
INTRODUCTION
The engineering of light-matter interaction in optomechan-
ical devices has allowed the observation of very relevant fun-
damental phenomena such as gravitational waves [1] and
ground-state cooling [2]; and consequently has enabled im-
portant developments in information science technology [3,
4]. For the past decade, silicon has been the material of choice
for most on-chip optomechanics experiments. However, as
we move towards high power efficiency and quantum-level
control, device design becomes more challenging and mate-
rial properties more restrictive, which have driven intense re-
search into alternative materials [5–8]. Therefore, gallium ar-
senide (GaAs) arises as a mature platform with potential to
pair up or overcome silicon in many properties, such as light
confinement and optomechanical coupling strength, due to its
high-refractive index and large photo-elastic coefficients [9].
Moreover, the optical losses that often impair the performance
of GaAs have been mitigated by improved etching and sur-
face passivation techniques, leading to optical quality factors
of over a million [10].
Developing optomechanical resonators based on III-V ma-
terials would not only enable their disruptive integration
with coherent light sources and single quantum emitters, but
also open routes to explore the interplay of gain and loss
in non-Hermitian physical systems [11]. Besides its ad-
vantageous optoelectronic properties, GaAs also offers other
convenient characteristics, such as piezoelectricity, revealing
its suitability for wavelength conversion mediated by piezo-
optomechanics [12], enabling thus the ultimate integration
and control of charge carriers, light, sound, and microwave
fields.
To unleash such outstanding properties of GaAs and enable
an optomechanical device operation in the resolved-sideband
regime, a design supporting high mechanical frequencies must
be devised beyond simple microdisks [13], but more practi-
cal than complex optomechanical crystals [9]. Despite recent
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efforts with nanobeam cavities with impressive optomechani-
cal coupling rates, mechanical frequencies have not exceeded
2.8GHz in GaAs [14, 15]. In this work, we demonstrate GaAs
optomechanical devices built using a bullseye design that al-
lows for very high mechanical quality factors and measured
mechanical modes up to 3.4GHz, with potential to explore
even higher frequency modes, according to our simulations.
This unconventional geometry, originally devised by Santos et
al. [16] using silicon, consists of a ring-type cavity resonator
obtained by patterning a nano-structured circular grating over
a micro-disk, as shown in the diagram in Fig. 1 (a1). In this de-
sign, the mechanical waves are confined to the outermost ring
using a radial phononic shield, which also isolates the ring
cavity from the supporting pedestal, inhibiting anchor losses.
A key advantage of the bullseye design, compared to
nanobeams or optomechanical crystal devices, is the com-
plete decoupling between optical and mechanical resonance
frequencies. The former is mostly influenced by the radius of
the disk, R in Fig. 1 (a1), whereas the latter will be defined
by the external ring width (wring). In this way, mechanical
frequencies can be increased by narrowing down the external
ring, with minimal impact on the optical frequencies, as long
as wring & 500µm [16]. The other critical free dimensions are
a, w and t, that can be adjusted to create a phononic bandgap
that fits the mechanical ring modes.
DESIGN AND FABRICATION
Our GaAs bullseye design is based on a nominal geome-
try with a disk with radius of 6µm and grating dimensions
set to a = 600nm, w = 120nm and t = 50nm, as shown in
Fig. 1 (a1). This grating is designed using a 2D cartesian Fi-
nite Element Method (FEM) model of a linear crystal to ap-
proximate the actual circular grating. Regardless of the curva-
ture of the radial shield, it created a partial phononic bandgap
that resulted in a mechanical frequency stopband in the range
between ∼ 3GHz and 4GHz, as shown in the band-diagram
of Fig. 1 (b). The optomechanical coupling rate, g0/(2pi), for
the full bullseye structure is shown in Fig. 1 (c). Our simu-
lations show that three mechanical modes couple to the opti-
cal field, as highlighted by the gray dashed lines between 2
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2FIG. 1. (a1) Illustration of the bullseye resonator (top) and geometric parameters (bottom). Inset: (a2) simulated displacement profile of the
mechanical modes and (a3) electric amplitude of the whispering gallery optical mode with transverse electric polarization (bottom). (b) The
blue (yellow) lines are the mechanical bands of the bullseye grating simulated as a linear crystal for x-polarized or z-polarized (y-polarized)
modes. The shaded blue is the target bandgap and the insets show the mechanical deformation for the modes at the band-edge (X-point). (c)
2D simulation results of the optomechanical coupling rate (g0/(2pi)), the gray dashed lines are drawn as a guide to the eyes. The grading
parameters in (b) and (c) are a= 600nm, w= 120nm and t = 50nm.
and 5GHz. The mechanical displacement profiles of theses
modes are shown in Fig. 1 (a2), followed by the first radial-
order transverse electric (TE) optical mode to which they are
coupled (in Fig. 1 (a3)). It reveals that C is the desired ring-
type breathing mode, while A is a flexural ring mode and B is
a grating mode that is almost independent of the external ring
size.
The devices were fabricated from a GaAs/Al0.7Ga0.3As
stack (250nm/2000nm), that was grown over a GaAs sub-
strate using molecular beam epitaxy (Canadian Photonics
Fabrication Centre). Differently from the previous silicon
bullseye, the GaAs structure was defined using electron beam
lithography [17]. The fabrication steps of the GaAs bullseye
samples are summarized in Fig. 2 (a). The devices were pat-
terned on the top of the GaAs wafer through a single plasma
etching step. We used positive electro-resist (ZEP-520A) and
managed to define grating grooves and remove all the material
outside the microdisk region using the aspect-ratio dependent
etching, where the etching rate of narrower gaps is lower in
comparison to wider regions (Fig. 2 (a) - inset). The bulls-
eye disks were then released from the substrate by a selective
wet etching of buffer the AlGaAs layer with hydrofluoric acid
(HF), followed by standard organic cleaning. This advanta-
geous technique relieved the necessity of multiple lithography
process that would introduce complex alignment procedures.
Figures 2 (b) and (c) have scanning microscope images of
exemplar samples. The former shows the final device sur-
rounded by the parking lot, which was designed to support
the fiber loop. Top view images, such as in Fig.2 (c), were
used to characterize the dimensions of the devices. The disk
radius (R), wring, a and w were measured through this method,
whereas t was only estimated from the etching rate, which
was calibrated prior to the fabrication of the devices. Electron
beam proximity effects caused the first outer groove (w1) to
have a narrower width in comparison to the inner grooves (w).
As detailed in the Supplementary Material, both w1 and t were
found by matching the measured and simulated values for the
optical mode dispersion of our device. All those geometrical
values were then used in the FEM simulations of Fig. 3.
RESULTS AND DISCUSSION
The optomechanical properties of the resonators were char-
acterized in the setup schematically represented in Fig. 3 (a).
The bullseye microcavity was probed via evanescent coupling
with a tapered fiber loop continuously fed by a tunable C-band
laser (New Focus TLB-6728). The transmitted optical signal
was then split and simultaneously measured by a slow and a
fast detector. The DC component gave information about the
optical response of the cavity, while the fast signal was mea-
sured by an electrical spectrum analyzer that read out the me-
chanical mode signatures imparted on the transmitted optical
signal.
We experimentally investigated two devices with different
wring sizes: 700nm and 740nm, at room temperature and
atmospheric pressure. The optical spectrum of the 740nm
sample is displayed in Fig. 3 (b). The inset has a mode
doublet (counter-propagating whispering-gallery-modes) pre-
senting total linewidths, κ/(2pi), of ∼ 6GHz (Q-factor ∼
3×104), which was a typical value measured in our samples.
These modes provided the strongest readout of the mechanical
modes and were identified as the second-radial order modes
with quasi-TE polarization (major component along the radial
direction). The identification was based on the comparison be-
tween the measured and simulated frequency dependence of
the free spectral range (due to group velocity dispersion) [18]
- see Supplementary Material for details. Although, larger g0
is predicted for optomechanical coupling through the first ra-
dial order mode, our measurement scheme was sensitive to
g20/κ and, therefore, the detection of the mechanical interac-
tion with such optical modes was compromised by their larger
3linewidths.
FIG. 2. (a) Simplified illustration of the bullseye fabrication steps.
The inset contains a diagram that highlights the plasma etching rate
contrast for regions of different sizes. (b) Scanning electron micro-
scope image of a typical device (bullseye resonator surrounded by the
parking lot, a structure designed to stabilize the tapered fiber loop).
(c) Top view of a sample.
A 3.29 GHz mechanical resonance is measured in the
740nm wring and shown in Fig. 3 (c). The Lorentzian fit
determined a mechanical quality factor (Qm) of 900 and
the calibration of g0 – through the comparison between the
phase modulator RF-tone and the optical transduction of the
cavity [19] – results in an optomechanical coupling rate of
g0/(2pi) = 34kHz. Analogously, we obtained a Qm of 1200
and a g0/(2pi) = 39kHz for a 3.13GHz mode of the 700nm
wring sample. The numerical simulations and a broad experi-
mental mechanical spectrum up to ∼ 3.4GHz for the 740nm
wring are shown in Fig. 3 (d1)-(d4).
The multiple peaks observed in the experimental spectra
of Fig. 3 (d4) are not consistent with axisymmetric simula-
tions that predict a single peak for each mechanical mode (A,
B and C in Fig. 1 (a1)). Therefore, we employed a three-
dimensional FEM model to account for the well-known elas-
tic anisotropy of GaAs and precisely identify the mechani-
cal modes. Indeed, as the material anisotropy is gradually
increased in the 3D simulations, a clear degeneracy lifting
of the mechanical mode frequencies is observed, as shown
in Fig. 4 (d1)-(d3) by sweeping the anisotropy parameter η .
Here, η = 0 corresponds to an isotropic device and η = 1 is
the full anisotropic case, according to the relation c∗44(η) =
ηc44 + (1− η)((c11 + c22)/2) for the GaAs stiffness tensor
component.
The isotropic mechanical displacement profile shown in
Fig. 3 (d5) (η = 0) corresponds to the prominent peak in
Fig. 3 (d1). It demonstrates that only the C-mode has rele-
vant optomechanical coupling rate to the second-radial order
optical mode (see Supplementary Material). Moreover, de-
spite the modification of the mode structure after the mate-
rial loss of symmetry, the measured mechanical mode, high-
lighted in shaded gray in Fig. 3 (d3)-(d4), still can be related
to the C-mode (external ring breathing mode) as can be seen
in Fig. 3 (d5) (η = 1). The 3D modeling also shows that
the mechanical grating isolation is resilient to the anisotropy
and predicts a reduced g0 to the second-radial order optical
mode when comparing to Fig. 1 (c). Both information agrees
quite reasonably well with the calibrated data presented in
Fig. 3 (c).
In order to investigate the role of the mechanical grating
in inhibiting clamping losses, thermal channels of dissipation
had to be suppressed. Therefore, our samples were cooled
down to the temperature of liquid nitrogen. Figure 4 (a1) con-
tains the measured mechanical C-mode of the 700nm wring.
At the temperature of ∼ 80 K, a Qm of 4×103 was measured,
an improvement over three times in comparison to room tem-
perature data. To observe the behavior of the mechanical
linewidth (Γm) as a function of the cavity input power, we
performed a laser power sweep - frequency tuned for max-
imum optomechanical transduction, on the blue side of the
optical resonance. As the power was increased, we noticed
a simultaneously increase in the mechanical linewidth and a
red-shift, ∆ f = f − f0, where f0 is the initial mechanical mode
frequency and f is its frequency at a given optical input power,
as shown in Fig. 4 (a2).
In Fig. 4 (b) we show that ∆ f goes down a few MHz when
approaching 1mW of optical input power. This effect is ex-
plained by the cavity heating, that causes the material to ex-
pand, modifying the mode frequency [20]. We calculated this
shift and plotted against the data by assuming that at very low
power this heating was negligible, i. e., ∆ f = 0, and the initial
reading of the temperature sensor was a good approximation
for the cavity temperature. Then, it was possible to estimate a
linear relation between temperature and the input power to the
resonator, which was done by comparing the measured power
induced frequency shift to the expected shift caused by ther-
mal expansion.
We also measured the decrease of Qm with power, as dis-
played in Fig. 4 (c), that contains the data of Fig. 4 (a1) and
(a2) in the extreme input power values, highlighted in light
blue (low power) and light red (high power), respectively. In
order to understand this behavior, we included other losses
mechanism to the mechanical linewidth. When neglecting an-
chor losses, the mechanical linewidth broadening of nanome-
chanical resonators are then in general dominated by phonon-
phonon interactions and scattering by defects. The former can
introduce losses via relaxation of thermal phonons, whereas
the second dissipates mechanical energy by coupling strain
waves to two-level systems (TLS) [21, 22].
To estimate the linewidth of our sample, we calculated the
anharmonic and the TLS mechanical attenuation through the
methods described in Ref. [23], with material constants found
in Refs. [24–27]. From 300 K to 80 K, our bullseye resonators
falls into the Akhiezer regime [28], ωmτph . 1, where τph is
the phonon relaxation time for this channel and ωm is the me-
4FIG. 3. (a) Optomechanical characterization setup (DAQ - Data Acquisition System, PSG - Power Signal Generator, ESA - Electrical Spectrum
Analyzer, PM - Phase Modulator, HCN - Hydrogen Cyanide wavelength reference and MZI - Mach–Zehnder Interferometer). Inset: optical
microscope image of the tapered fiber loop coupled to a device. (b) Optical transmission spectrum of the wring = 740nm sample. The inset
shows the optical modes highlighted in light gray. The orange line is the Lorentzian fit. (c) Power spectral density (PSD) of selected mechanical
mode of the 740nm sample (highlighted in shaded gray in (d4)) with respective g0 calibration peak (the orange line is the Lorentizian fit).
3D FEM simulations of: (d1) the mechanical spectra when η = 0 (fully isotropic), (d2) the optomechanical coupling rate as a function of
the material anisotropy parameter (η) and (d3) mechanical spectra when η = 1 (fully anisotropic). (d4) Experimental PSD of the mechanical
modes. (d5) Simulated mechanical displacement profiles highlighted in light gray in (d1) and (d3). The information in (d1)-(d5) corresponds
to the wring = 740nm and all experimental data was acquired at room temperature and atmospheric pressure.
chanical resonator angular frequency. Thermoelastic losses
obtained from FEM was found to be several orders of mag-
nitude lower than the Akhiezer damping and are neglected in
this analysis. The double-well potentials parameters of our
TLS dissipation model were obtained from Ref. [29], where
GaAs microdisks were investigated; as such values are highly
material dependent and must not suffer significant changes be-
tween the slightly different geometries, they serve as a reason-
able approximation for our devices.
Our model results are displayed in Fig. 4 (d), where the in-
set has a direct comparison of the measured mechanical qual-
ity factors (3.1GHz mode) to the theory. Furthermore the
measurement of Qm as the input laser power was increased,
gives a hint about the accuracy of our mechanical dissipa-
tion model, that correctly predicts the Qm optical power de-
pendence, as shown in Fig. 4 (c). The total model not only
accounted for the thermal sources of mechanical dissipation
(Akhiezer and TLS), but also included the linewidth mod-
ification expected from optomechanical backaction. If the
measured Qm was dominated by optomechanical dynamics,
an opposite trend should be observed, with increasing (de-
creasing) Q-factor (Γm) for higher input power. Therefore,
we can see that optomechanical anti-damping is not playing
a significant role in the mechanical linewidth, indicating that
it is dominated by temperature dependent dissipation. More-
over, the 3D calculation including mechanical clamping and
perfectly matched layers predicted mechanical Q-factors be-
tween 104−107 for the ring modes (Fig. 3 (d4)), which are at
least one order of magnitude higher than the measured values,
thus suggesting that our device is not limited by anchor losses.
CONCLUSION
In summary, we designed a GaAs bullseye resonator with
a phononic grating operating between 3GHz and 4GHz.
The fabricated devices show modes ranging in ∼ 3.0GHz−
3.4GHz with optomechanical coupling rates of up to 39kHz
and mechanical quality factor of 4000 when cooled down to
the liquid nitrogen temperature. In order to harness the full
potential of the GaAs bullseye resonators, the regime of high
optomechanical cooperativity must be accessible and, thus,
higher optical and mechanical Q-factors must be achieved.
The former could be obtained by minimizing surface absorp-
tion [10] and roughness [17] with alumina passivation and
electroresist thermal reflow. Additionally, mechanical dissi-
pation is expected to be drastically reduced at lower temper-
atures as thermal anharmonic losses are reduced. Incorpo-
rating III-V quantum emitters to the bulllseye cavity would
also enable the study of active optomechanics, opening a
plethora of possibilities, including the creation of an alterna-
tive approach for hybrid systems that couples single emitters
to mechanical strain [30] and the realization of a mechanically
modulated light sources [31]. Microwave-to-optical conver-
sion, on the other hand, could take advantage of higher me-
chanical frequencies enabled by narrower wring’s or exploring
higher order mechanical modes. Finally, the bullseye design
was shown to be robust across different material platforms
5FIG. 4. Temperature dependence of the 3.1GHz mode of the 700nm
ring width sample: PSD of the mechanical resonance measured for
the lower (light blue - (a1)) and higher (light red - (a2)) cavity in-
put power (Lorentzian fits in orange); (b) measured mechanical fre-
quency shift (∆ f ) as a function of the cavity power (blue) and com-
puted frequency shift resulting from the wring thermal expansion as
a function of temperature (red); (c) comparison of the experimental
mechanical Q-factor (Qm) power dependence to the total model of
Qm (Akhiezer, TLS and optomechanical anti-damping) and the cal-
culated optomechanical backaction effect only (narrowing of the me-
chanical linewidth with increasing power) - light blue and red strips
correspond to the data of the resonant modes shown in (a1) and (a2),
respectively; (d) nanomechanical dissipation model of the bullseye
resonator. Inset: calculated Qm compared to the experimental data
of low and room temperature measurements.
and could be extended to other semiconductor materials with
lower non-linear optical losses, such as GaP [32, 33].
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Supplementary Material: High-Frequency GaAs Optomechanical Bullseye Resonator
N. C. Carvalho,1, ∗ R. Benevides,1 M. Ménard,2 G. S. Wiederhecker,1 N. C. Frateschi,1 and T. P. M. Alegre1, †
1Applied Physics Department and Photonics Research Center, University of Campinas, Campinas, SP, Brazil
2Department of Computer Science, Université du Québec à Montréal, Montréal, Canada
In order to determine the spatial distribution and polarization of the measured optical modes, we analyzed the group velocity
dispersion of the optical spectra by investigating the frequency dependence of the Free Spectral Range (FSR). Adjacent lon-
gitudinal optical modes ωµ in relation to a reference mode, ω0 (= 2piν0), and µ (= m−m0) can be expanded using the FSR
as [1]:
ωµ = ω0 +µD1 +
1
2
µ2D2 +
1
6
µ3D3 + ..., (S1)
where D1/2pi is the FSR and D2/2pi correspond to its variation rate with µ , and so forth. Notice that in this case a positive D2
corresponds to anomalous group-velocity dispersion (GVD) for the µ-mode.
In Fig. S1 (a) the measured optical spectrum of the 740nm wring sample is provided. The optical mode at 193.3THz is our
used for measuring the mechanical breathing mode on our devices. This mode belongs to a family with a FSR of ∼ 1.77 THz,
as displayed in Fig. S1 (b). To emphasize the anomalous dispersion nature for our mode we plot the residual dispersion,
Dint =ωµ−ω0−µD1, in Fig. S1 (c). By fitting Eq. S1 to the shifted frequency data shown in Fig. S1 (b) a D2/(2pi) = 20.6GHz
is found.
FIG. S1. (a) Optical spectrum of the 740nm wring sample highlighting the measured mode family. (b) Linear fitting of the data points (ν is the
mode frequency and ν0 = 193.3 THz). (c) Quadratic fitting of the residual dispersion (Dint). FEM simulation of the linear (d) and quadratic
(e) coefficients. Right: model results and respective simulated optical profiles.
In order to fully identify the optical mode, we used a Finite Element Method (FEM) to simulate the optical dispersion of the
bullseye device that includes both geometrical and material dispersion [2]. The dimensions used in the simulation are R= 6µm,
wring = 746nm, a= 600nm, and w= 175nm and were recovered from the Scanning Electron Microscope image (SEM) show in
Fig. 2 of the main text. The first outer groove, w1, and the remaining device thickness, t, could not be precisely recovered from
the SEM. They were therefore treated as free parameters – within the fabrication uncertainty – in order to match the simulated
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2D1 and D2 values to the measured ones. Figs S1 (d) and (e) show the FEM model results of our structure for the first six
different mode families. The optical mode profile |E2| and the fitting results for each mode family are also shown. Comparing
this results with the experimental data, we have an unambiguous identification of the measured optical mode, which is a TE of
second radial order. Notice that this mode have an avoided crossing with the mode in the first internal ring which explains its
resulting anomalous dispersion. Finally, the same geometrical parameters and optical mode are used in the 3D anisotropic model
to predict the optomechanical coupling rate, g0, that agrees well with measured values.
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